(TFAA) in methanol or ethanol was studied and optimised. The derivatives were analysed by an iontrap gas chromatograph-mass spectrometer (GC-MS) operating with electron impact ionisation with selective ion storage (EI-SIS) mode. The optimised mole ratios for TFAA/putrescine and TFAA/cadaverine reactions were 5/1 and 5.8/1 respectively with a reaction time of 15 minutes at 95 o C. The retention times for the derivatised putrescine and cadaverine were 11.3 and 12.2 minutes respectively using the capillary column, CP-Sil8CB;30mlengthx0.25mmi.d.x0.25mmfilm.Thecorrelationcoefficients(R 2 ) of calibration curves for putrescine and cadaverine were 0.991 and 0.990 respectively over a concentration range of 100 ng cm -3 to 1500 ng cm -3
Introduction
Putrescine and cadaverine are environmentally and biologically significant biogenic amines. They occur in all organisms where they are associated with cell growth [1, 2] . They play an important role in the formation of nucleic acids and cell membranes [2] . The requirement for putrescine increases rapidly in growing tissues [3] , therefore comparatively higher levels of putrescine are observed in rapidly dividing cells such as tumour cells [4] . The presence of biogenic amines in food, especially in fish, cheese and meat products is a result of microbial decarboxylation of amino acids [1] . So, biogenic amines in food and meat products are related both to food spoilage and food safety. Normally, in fresh meat putrescine levels are low, however, considerably higher levels will be observed in meat produced where hygiene is poorly controlled [5] . In vegetables biogenic amines are associated with spoilage due to poor storage [6] . In general the concentrations of biogenic amines give an indication of the levels of microbiological contamination in food products [7] and hence act as reliable quality indicators.
Generally, high performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) are used to quantify biogenic amines in real samples [1] . Both of these techniques involve extensive procedural steps of amines extraction from complex sample matrices and then their derivatisation to improve chromatographic properties [2, 8] . Usually, biogenic amines are first derivatised in the aqueous phase (sample matrix) and then the derivatives are extracted using organic solvents prior to GC and HPLC analyses [8] .
The main features of the aqueous phase derivatisation procedures are long derivatisation/extraction times, low reproducibility owing to the stability of the derivatisation products and the difficulty in producing reproducible extractions [1] .
This study sought to remove the need for an aqueous phase and to remove the solvent extraction procedures from the analysis of biogenic amines. Success here would enable the future development of automated gasphase derivatisation methodology that in turn would minimise the effect of the sample matrix. Additionally, we also aimed to significantly increase the sensitivity of the analysis by eliminating the losses of derivatised amines associated with solvent extraction procedures. Trifluoroacetylacetone (TFAA) was selected to derivatise putrescine and cadaverine in methanol and ethanol (solvents) as the introduction of the trifluoromethyl group enhances the volatility of derivatised molecules [9] making it suitable for use in conjunction with an iontrap GC-MS and GC-FID.
Experimental Procedures
Six studies were undertaken to characterise amine derivatives (Studies 1-6).
Chemicals
All six amine test compounds; 1,4-butanediamine (putrescine) 99%, 1,5-pentanediamine (cadaverine) 95%, 1,2-diaminoethane 99%, 1,3-diaminipropane 99%, 1-butylamine 99% and 1-nonylamine 99% were purchased from Aldrich (Germany). Analytical grade solvents methanol, ethanol and dichloromethane were obtained from BDH (England). 1,1,1-trifluoroacetylacetone ≥ 98% and nonadecane (C 19 H 20 ) > 99% were purchased from Fluka (Switzerland).
2.2.
Preliminary characterization of derivatives
Aqueous phase derivatisation using buffer and solvent extraction (Study 1)
Preliminary mass spectrometric characterisation of the putrescine and cadaverine derivatives was based on an aqueous phase derivatisation followed by GC-MS ion-trap (Varian CP-3800 GC coupled to Saturn 2000 mass spectrometer) analysis. The procedure adopted in Study 1 was similar to the method reported previously [9] . TFAA, putrescine and cadaverine stock solutions were prepared in 10 cm 3 volumetric flasks with ethanol at concentrations of 38.2 mg cm -3 , 8.77 mg cm -3 and 8.73 mg cm -3 , respectively. Putrescine and cadaverine were derivatised (in triplicate) by pipeting 1 cm 3 of phosphate buffer (pH 7) into a 4 cm 3 reaction vial, followed by the addition of 0.8 cm 3 of the TFAA solution and 0.5 cm 3 of either putrescine or cadaverine solution. This protocol maintained a TFAA:amine mole ratio of 4:1, this being higher than the theoretical ratio of 2:1, in order to ensure 100% derivatisation. The reaction vial was sealed before heating it to 95 o C for 15 min, after which it was allowed to cool to room temperature. Once cool the reaction mixture was extracted with 1.5 cm 3 of dichloromethane (DCM) at room temperature. The extract was recovered and transferred into a 4 cm 3 vial. The extract was then evaporated to dryness under a stream of nitrogen and the residue was dissolved into 2 cm 3 of ethanol to form a stock solution. This stock solution was diluted further, twenty fold, in ethanol before analysis on GC-MS. A GC column 30 m 0.25 mm i.d. with a 0.25 µm thick 5% phenyl-95% methyl stationary phase (Varian CP Sil-8) was used during analysis. The instrumental parameters are summarized in Table 1 .
Single stage derivatisation method (Study 2)
In this study a modification in the derivatisation procedure (Study 1) was made by carrying out derivatisation reaction in non-aqueous phase (methanol/ethanol) in order to eliminate the solvent extraction step. TFAA, putrescine and cadaverine stock solutions were prepared in 10 cm 
Examination of single stage derivatisation method (Study 3)
In order to explore the reaction mechanisms associated with the single stage derivatisation method two other diamines, 1,2-diaminoethane, 1,3-diaminopropane, and two monoamines, 1-butylamine and 1-nonylamine were also investigated using the procedure described in Study 2. TFAA, stock solutions were prepared in 10 cm 
Optimisation of derivatisation methods
The derivatisation yield was optimised with respect to the stoichiometric ratios of the reagents and the derivatisation reaction time. The derivative yields were obtained using a GC-FID (Varian CP-3800 GC coupled to flame ionization detector). The sequence of studies that were run to optimise the proposed methods are summarised in Table 2 . In this and subsequent studies we started the GC method with an oven temperature of 150 o C (see Table 1 ) and thus decreased elution times of the derivatised putrescine and cadaverine to 11.3 and 12.2 min, respectively.
Effect of TFAA:amine stoichometric ratio (Study 4)
The effect of varying TFAA levels on derivative yield was studied by monitoring the peak area (yield) of each respective derivative at constant concentrations of putrescine and cadaverine. The volumes of TFAA stock solution for both methods described in Study 
Effect of derivatisation time at 95 o C (Study 5)
Data from TFAA:amine stochiometric optimisation indicated that the single stage modification (Study 2) was significantly more sensitive than the aqueous phase method (Study 1). Therefore, in this work only the single stage modification was studied. The effect of reaction time at 95°C was investigated using the optimised stoichometric mole ratios of 5.0:1.0 and 5.8:1.0 for TFAA/putrescine or cadaverine, respectively, which were determined in the previous study. The optimum TFAA level 1 cm 3 (24.80 . 10 -5 mol) was added to 0.5 cm 3 of putrescine or cadaverine (4.97 . 10 -5 or 4.27 . 10
mol) in each vial. Six reaction times were studied: 1, 5, 10, 15, 20 and 30 min using the single stage procedure described Study 2 above. Each derivatisation was undertaken in triplicate. The GC-FID instrumental conditions are reported in Table 1 .
Calibration and validation (Study 6)
Calibration curves were generated over the range 100 ng cm -3 to 1500 ng cm -3 using five putrescine or cadaverine standards. Since these standards were approximately one thousand times less concentrated, compared to Chemical ionisation CI (methanol): m/z n/a 40-450 n/a n/a FID detector temp/ °C n/a n/a 300 n/a The reproducibility of the derivatisation process was assessed by repeating each derivatisation three times. On each occasion the chromatography and associated mass spectra were the same. Study 2 tested the feasibility of eliminating water and using non-aqueous solvents in the derivatisation process in order to remove the time consuming steps of solvent extraction. Fig. 1 shows the chromatogram of the putrescine and cadaverine derivatives obtained by treating mixtures of putrescine and cadaverine standards with TFAA in ethanol. The chromatogram shows principal peaks appearing at retention times of 24.5 and 25.4 min for the putrescine and cadaverine derivatives, respectively. The mass spectra have been examined under same conditions as in Study 1 above. The retention times and mass fragments of the principal peaks confirmed that the same derivatives were obtained both in Study 1 & 2.
The derivative peak intensities in Study 2 were much higher than the derivative peak intensities in Elucidation of exact structures of these products will be the subject of future work. However, their presence did not interfere with the chromatography and reproducibility of the putrescine and cadaverine derivatives.
Examination of single stage derivatisation method (Study 3)
The validity of the single stage derivatisation method was tested by derivatising two monoamines (1-butylamine & 1-nonylamine) and a series of diamines (C2-C5) with TFAA in ethanol using the single stage method. This study was carried out under different chromatographic conditions thus putrescine and cadaverine derivatives showed different retention times from Studies 1 & 2, see Table 1 for GC-MS instrumental settings. Each derivative chromatogram showed a principal derivative peak and an additional product peak. The mass spectra have been examined under positive-ion electron ionization (+EI) and positive-ion chemical ionization (+CI) modes using the ion-trap instrument with a scan range m/z 40-450. The retention times and main ion fragments of the derivatives along with relative intensities are listed in Table 3 .
In the case of the monoamines (1-butylamine & 1-nonylamine), the spectra of these derivatives show typical Schiff's base [10] characteristics, see Table 3 . The nitrogen of amines undergo a nucleophilic attack on the carbonyl carbon (bearing -CF 3 group) of TFAA and a condensation reaction occurred with loss of a water molecule, see Scheme 1. TFAA has been shown to undergo such condensation reactions with amines [11] .
The formation of butylamine and nonylamine derivatives was verified by +EI [M] +. and their +CI [M+H] + molecular ions, see Table 3 Unlike monoamine which forms a Schiff's base after derivatisation, diamine (C2-C5) derivatives exhibited complicated mass spectra. The reaction of TFAA with diamines should produce a derivative structure as suggested below, Scheme 2. For putrescine and cadaverine derivatives the theoretical molecular masses of m/z 360 and m/z 374 should be observed in their respective spectra:
The above mentioned molecular structures were reported in an aqueous phase multi-step derivatisation of putrescine and cadaverine [9] . The difference between the previously published spectra and Study 3's mass spectra were the molecular ions. +EI mass spectra indicated that the molecular ions for the putrescine and cadaverine derivatives were m/z 414 and m/z 428, respectively, whereas previously [9] 
under +EI conditions and [M+H]
+ with a lower intensity ion corresponding to [M+54] H+ under +CI conditions, see Table 3 . The mass difference of 54 amu between these observations and previous reports for this reaction merits further elucidation and will be the subject of future work. Nevertheless, the quantitation in this study was based upon total ion current (TIC) measurements. All diamines generated stable chromatographic and mass spectral responses throughout this study and the difference was judged not to materially affect the analytical outcomes of this work. The reproducibility of the derivatisation process was assessed by repeating each derivatisation. On each occasion the chromatographic data and associated mass spectra were identical.
The effect of TFAA:amine stoichometric ratio (Study 4)
Varying the TFAA/amine ratio had a significant effect on the derivative yield and hence the sensitivity of any related analytical method, see Fig. 2 . In the aqueous phase derivatisation method the yield increased 3.4 times for putrescine and 4.2 times for cadaverine as the mole-ratio [TFAA]/[Amine] increased from 1.75 to 6.23 and 2.0 to 7.25 for putrescine and cadaverine, respectively. Above a mole ratio of 4 the derivative yield shows stability (graph plateaus). With the single stage method the increase in yield over the above mentioned mole-ratio range was greater, with a maximum yield at a ratio of 5 for putrescine with a yield 2.1 times greater than that observed from the aqueous phase method. This effect was larger with cadaverine with an increase in yield of 4.1 observed for the optimum mole-ratio of 5.8. Increasing the mole ratios beyond these levels resulted in a decrease in the yield. The optimum mole ratios corresponding to the maximum peak areas were 5.0:1.0 and 5.8:1.0 for TFAA/putrescine and TFAA/ cadaverine, respectively. The mole ratios are significantly higher than the theoretical ratio of 2:1, increasing the TFAA concentration which shifts the equilibrium of the derivatisation processes further to completion.
Effect of derivatisation time at 95
o C (Study 5) Fig. 3 shows the effect of reaction time, which followed the same general trend for putrescine and cadaverine. The yield of the putrescine derivative product increased to a maximum level of 1.55 at approximately 15 min, after which the yield reduced significantly and for cadaverine the maximum level was 1.81 with similar losses observed after 15 min. The reduction in yield beyond an optimum reaction time was anticipated with
Where n is a number of methylene groups in a diamine molecule. the semi-volatile derivative being driven into the headspace of the vial, and hence lost to the analysis; this effect was more pronounced for the putrescine, the more volatile of the two derivatives. A reaction time of 15 min was therefore chosen for all subsequent studies.
Calibration and Validation
Electron impact selective ion storage (EI-SIS) (see Table 1 ) was used to generate calibration curves for putrescine and cadaverine. Here the aim was to examine linearity of the calibration only and not to quantify amines in real samples. EI-SIS mode helped in generating putrescine and cadaverine chromatograms with low background noise as compared to analyte peak signal. Calibration functions were constructed from triplicate independent derivatisations with five putrescine and cadaverine standards ranging from 100 ng cm -3 to 1500 ng cm -3 using nonadecane as the internal standard, see Fig. 4 . The calibration function was non-linear, reflecting a more complex derivatisation reaction. A second-order polynomial approach (MS Excel) was used to model the relationship between concentration and response. The approach provided good calibration functions with correlation coefficients (R 2 ) of 0.991 and 0.990 for putrescine and cadaverine respectively. Such a secondorder polynomial approach has also been reported to accommodate non-linear calibration data obtained by a GC-MS Study of VOCs in water [12] . The ultimate limits of detection were not part of this study. It is likely that with decreasing concentrations of the analytes the optimum reaction conditions will change. What was established was that the sensitivity and signal to noise characteristics of the responses are adequate for analysis of putrescine and cadaverine in food and biological samples.
The accuracy of this approach was estimated in terms of percentage recovery obtained by analysing putrescine and cadaverine standards at the lower, middle and upper parts of the calibration ranges, Table 4 . The recoveries observed were in the range 94.8% -97.7% indicating a satisfactory level of accuracy over the selected range of study. The student t test also confirmed the validity of the developed method as all the calculated t values are less than the reported [13] value t = 4.303 for 2 degree of freedom (N-1) & 95% confidence level. 
Conclusions
A single stage derivatisation method for putrescine and cadaverine has been developed using trifluoroacetylacetone (TFAA) in non-aqueous solvents (methanol/ethanol). The time consuming, and expensive steps of pH control and solvent extraction have been eliminated from the methodology. The resultant procedure is significantly faster (15 min derivatisation and 14 min GC/MS run), up to 5 times more sensitive and accurate (putrescine and cadaverine recoveries 94.8% -97.7%).
The ultimate goal of the current research is to develop a derivatisation procedure for biogenic amines that may be undertaken within gas chromatographic inlet systems. This non-aqueous single stage derivatisation method is an important first stage in the realisation of this goal. The next studies used this approach to develop an automated vapour-phase derivatisation method for biogenic amines and in doing so eliminated the laborious and expensive procedures associated with sample preparation and extraction. 
